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Abstract
We describe a method for preparing monodisperse graphitic
nanotubules. These tubules are prepared by synthesizing polyacrylonitrile
(PAN) from the monomer, within the pores of a porous alumina template

membrane. Because the membrane used has cylindrical pores of uniform

diameter, monodisperse PAN tubules are obtained. The PAN tubules are then

heated to affect graphitization of the PAN.




Introduction

We have been exploring the concept of using the pores in
nanoporous membranes as templates for preparing -
nanomaterials.[1,2] Because the membranes used have cylindrical
pores of uniform diameter, monodisperse nanocylinders of the
desired material are obtained in the pores of the template
membrane. Depending on the material and the chemistry of the pore
wall, these cylinders may be solid (a fibril) or hollow (a(tubule). This
is proving to be a very general route for preparing nanomaterials.
We have used this method to prepare fibrils and tubules composed
of metals, [4-6] electronically conductive polymers, [7-11] and
semiconductors.[12] In this paper, we extend this template approach
for preparing nanomaterials to carbons. We show that
polyacrylonitrile (PAN) can be synthesized within the pores of an
alumina template membrane to obtain ensembles of PAN
nanotubules. These tubules can then be graphitized at high
temperatures[13-15] to yield the corresponding graphitic nanotubules.

Wu an Bein have recently used a similar approach to obtain
nanocarbon within the pores of a nanoporous zeélite[16] ; however,
their approach apparently yields solid graphitic fibers as opposed to
the nanotubules obtained here. Nanotubules of the type described
here might ultimately be interesting as analogs for the fullerene
tubules.[17-18] In addition, we are interested in exploring the
possibility of using ensembles of these tubules as anode materials in
Li-ion batteries.[19] Ensembles of nanotubules are not possible using

the previously published approach.[16] Finally, we have recently




learned that Kyotani et al, have used an alternative chemical
synthesis for preparing graphitic nanotubules.[20]
Experimental

Tubule Synthesis. Kyotani et al.[13,14] have developed a procedure
for formation of highly-oriented graphite from PAN by using the 2-D
space between montmorillonite lamallae as a template. We have
used a similar procedure for chemically-synthesizing PAN within the
pores of a commercially-available alumina filtration membrane
(Anopore). The alumina membrane used had pores with diameters
of ca. 260 nm and had a porosity of ca. 57 %['4]'. The membrane was
immersed into 50 mL of an aqueous solution that was 1.3 M in the
monomer acrylonitrile. To this solution was added 25 mL of 15 mM
ammonium persulfate and 25 mL of 20 mM sodium bisulfite; these
species act as initiators for the polymerization of the acrylonitrile.[2 1]
The solution was made acidic by adding a drop of 0.5 M sulfuric acid.
All solutions were purged with nitrogen prior to and during
polymerization.

The polymerization reaction was carried out at a temperature
of 40° C for varying periods of time. During the ﬁolymerization
period, polyacrylonitrile was produced from the monomer and
deposited on the pore walls and on both membrane faces. Because
PAN deposited on the pore walls, a tubule of PAN was obtained
within each pore. After the desired polymerization time, the
membrane was removed from the polymerization bath, and the PAN
that deposited on the membrane faces was removéd. This was
accomplished by polishing both faces with alumina powder. The

membrane was then ultrasonicated in water to remove the alumina




powder. After this polishing procedure, the only PAN remaining was

the PAN tubules within the pores.
The membranes that contain PAN tubules within the pbres are

called PAN/A1203 composite membranes. The PAN/AI203 composite

t4

membrane was heated to 250° C in air for a period of 30 minutes; the
membrane turned yellow due to cyclization of the PAN tubules.[22] .
The membrane was then heated for 30 min. in Ar at 600° C,
afterwhich the membrane appeared grayish-black, due to
graphitization of the PAN.[22] The membranes that have been heat-
treated in this way are designated Graph/ Alz”Og composite
membranes.

Electron microscopy. Scanning electron microscopic (SEM) images of
the graphitic tubules produced were obtained as follows: One face of
the Graph/Al203 composite membrane was coated with a thick (ca. 3
mm) film of Torrseal epoxy. The Torrseal was cured by heating at
160° C for one minute. The other face of the Graph/Al203 composite
was then repeatedly rinsed in 1M NaOH to dissolve the alumina
membrane. Dissolution of the alumina membrane yielded an
ensemble of the graphitic tubules that protrude f-rom,the substrate
Torrseal surface. The tubules were sputtered with a thin film of gold
and imaged with a Phillips 505 electron microscope.

Infrared Spectroscopy. IR spectra of both the PAN/AI203 and
Graph/Al203 composites were obtained by conducting simple
transmittance mode experiments on the membranes. A Mattson

Galaxy FTIR was used.
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Results and Discussion

Infrared Spectroscopy. IR-spectra of the PAN/AI203 composite
membrane show a band at 2243 cm~1 due to the nitrile grc;up of the
PAN (Figure 1, upper spectrum). This peak is absent in the
Graph/Al203 spectrum indicating cyclization[22] of the PAN tubules
(Figure 1, lower spectrum). The broad absorption at ca. 1650 cm'1
in Figure 1 is due to the alumina template membrane.

Scanning electron microscopy. SEM images of template:synthesized
graphitic tubules (after dissolution of the alumina membrane) are
shown in Figure 2. These images clearly show fhat tubular
structures are formed from this template synthetic method (Figure
2A). Note that the tubules obtained are-ca. 50 um long (Figure 2B);
this corresponds to the thickness of the template membrane. As
indicated in Figure 2A, these tubules can be made to stand up from a
substrate surface like the bristles of a‘brush. This indicates that the
tubules have good mechanical strength and are not broken along the
tubule length. Indeed, these tubules show no visible signs of
mechanical damage even though they have been ultrasonicated and
exposed to strong base. “

Conclusions

The images shown in Figure 2 were obtained by growing PAN
for a period of 10 minutes. By controlling the polymerization time, it
is possible to control the wall thickness of the tubes. Thicker walls
are obtained after longer polymerization. Put another way, by
varying the polymerization time, it is possible to \}ary the inside
diameter of the tubules obtained. The outside diameter of the

tubules can be varied by varying the diameter of the pores in the




alumina template membrane. We have prepared membranes of this
type with a wide variety of pore diameters.[1] The smallest pores we
have prepared to date have diameters of ca. 8 nml1] and wé believe
that even smaller pores are possible. In addition, the length of the
tubule obtained can be varied by conducting syntheses of this type
in template membranes of different thicknesses. Finally, our ability
to prepare high density ensembles of tubules that protrude from a
substrate surface (Figure 2A) could be useful in a varie'gy of possible

applications, including bioencapsulation[23] and Li-ion batteries.[19]
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Figure Captions

Figure 1. IR spectra for PAN/A1203 (upper) and Graph/Ale 3

(lower) membranes.

Figure 2. Scanning electron microscopic images of the graphitic

tubules obtained.
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